Yeast, in particular Candida albicans, are the principal fungal cause of denture stomatitis, and can also be present as a commensal in many individuals. Few studies, however, have examined oral retention of yeast strains over time. We analyzed the yeast present in saliva samples and from the dentures of 10 individuals colonized with yeast but with no signs of stomatitis, before new complete maxillary dentures were fitted and also at 1, 3, and 6 months after denture replacement. Yeast species were presumptively identified on selective agar plates and were present in nine individuals before denture replacement and in six at the 6-month time point. C. albicans was detected in seven individuals pre-replacement, and in three by 6 months post-replacement. Sixty-two isolates (up to five from each C. albicans-positive sample) were analyzed by multilocus sequence typing (MLST) (33 from saliva and 29 from dentures). Six MLST allele profiles were identified that were common to several individuals. These profiles included three previously reported diploid sequence types (DSTs) and three novel DSTs. Two of the novel DSTs were closely related variants of a previously reported DST, and both showed loss of heterozygosity polymorphisms within one of the seven MLST gene sequences. For three individuals, at least one DST that was present before denture replacement was still detected in either saliva or on dentures at subsequent sampling times. Our results indicate that denture replacement reduces but does not remove, colonising yeast and confirm previous observations of C. albicans strain microevolution.
Introduction
Candida albicans is the fungal species most often associated with denture stomatitis-a common problem faced by individuals wearing complete upper dentures. 1, 2 In some instances C. albicans is the only fungal species detected in the denture biofilms of stomatitis patients 3, 4 ; however, dentures in symptomless individuals have been shown to harbor several yeast species including C. albicans, Candida tropicalis, and Candida glabrata. 4 The prevalence of C. albicans as a normal human oral commensal microorganism is between 30% and 70% of populations 5, 6 and is higher in older people. C. albicans possesses a matingtype-like locus, and can undergo a parasexual cycle, yet its population structure is primarily clonal. 7 A study comparing C. albicans strains isolated from blood cultures and those from nonsterile sites on the same individuals showed highly similar strains in both sites indicating that the infections may have originated from endogenous, commensal strains. 8 Currently there is no evidence for the association of denture stomatitis with particular strains, 9 and it is not known whether a colonizing strain is replaced or retained following denture replacement. Although several methods for typing C. albicans isolates have been reported [10] [11] [12] multilocus sequence typing (MLST) has the advantage of being independent of investigator-bias or laboratory variation. Isolates can be identified by determining the sequences of internal fragments (373 to 491 base pairs) of seven housekeeping genes: AAT1a, ACC1, ADP1, MP1b, SYA1, VPS13, and ZWF1b. 13 Polymorphisms within each of the housekeeping genes define an allelic profile, or diploid sequence type (DST), for the isolate that can be compared with a database of previously identified DSTs via a web-based tool at the http://calbicans.mlst.net website. 13 As noted by the researchers establishing the MLST technique for C. albicans, 13 several considerations influenced the selection of the gene fragments used for MLST, including use of fragments from housekeeping genes under stabilizing selective pressure for conservation of function with a ratio of nonsynonymous to synonymous amino acid changes of less than 1.0. In addition, reliable polymerase chain reaction (PCR) amplification of similar sized fragments of a length suitable for sequencing was required, with sufficient discriminatory power provided by the number of variable bases within the fragments. The discriminatory power of MLST has been validated by comparison with published data for other strain typing methods, such as restriction fragment length polymorphism analysis, Southern blot hybridization with discriminating probes, electrophoretic karyotyping, and randomly amplified polymorphic DNA analysis. 10 The use of the MLST approach allows detailed analysis of different C. albicans strains within samples and strain evolution. 14 In this study we have undertaken an MLST analysis of a collection of C. albicans isolates from saliva and denture samples obtained during a longitudinal study of School of Dentistry patients receiving new acrylic dentures (N.J. Knight, "Colonisation of acrylic denture fitting surfaces by Candida species," Doctor of Clinical Dentistry thesis, University of Otago, New Zealand). This analysis has enabled us to investigate the presence of different yeast strains in saliva and on dentures from the same individual, a comparison of C. albicans strains harbored by different individuals, persistence of particular C. albicans strains with time, and the colonization of new dentures by C. albicans.
Materials and methods

Study participants, sampling methods and yeast isolation
Participants were a convenience sample of patients attending Postgraduate Diploma in Clinical Dental Technology clinics in the School of Dentistry, University of Otago, New Zealand, for the construction of complete dentures. The criteria for inclusion in the study were that the participant was completely edentulous, was wearing acrylic complete dentures in the maxillary and mandibular dental arches, was attending the clinic to have new acrylic complete dentures constructed, did not have denture stomatitis at the time of denture replacement, and gave informed consent to take part in the study. Ethical approval for the research project was gained from the University of Otago Human Ethics Committee (Approval number 12/229). We note that the participant sample size is small, a result of time constraints for this longitudinal study. Whole saliva (∼5 ml) was collected by unstimulated expectoration and, following vortex mixing, 100 μl samples were spread on CHROMagar Candida agar plates (Becton Dickinson & Co [BD], Franklin Lakes, NJ, USA), before incubation and presumptive identification of yeast colonies. Participants were pre-screened for the presence of yeast in saliva samples. The saliva and dentures of yeast-positive participants were then sampled before the replacement of their dentures, at replacement, and 1, 3, and 6 months after denture replacement. Denture samples were taken by placing the denture into a sterilized polyvinyl chloride open-topped container with the fitting surface facing upwards. Following sealing with plasticine, molten CHROMagar Candida agar at 50
• C was pipetted into the container, which was surrounded with ice. The set agar replica was gently freed from the denture using air from a sterilized air syringe, placed into a sterile culture dish and incubated at 37
• C for 48 h. Up to five representative C. albicans colonies, presumptively identified by their color on CHROMagar Candida, from each of the samples were picked and stored at −80 • C in YPD medium (1% yeast extract (BD), 2% Bacto peptone (BD), and 2% glucose) containing glycerol (15% w/v). New dentures were steam cleaned, soaked in bleach, and rinsed before they were inserted in the patients.
MLST analysis
Genomic DNA was extracted from each C. albicans isolate using a commercial kit (Y-DER, Thermo Scientific, Auckland, New Zealand) following the manufacturer's instructions. Primers for PCR amplification of the seven housekeeping gene fragments (AAT1a, ACC1, ADP1, MP1b, SYA1, VPS13, and ZWF1b) were those described by Bougnoux et al. 13 
Results
Yeast colonization
Yeast were cultured from either saliva or denture (or both) samples from 9 of the 10 participants immediately before replacement of their dentures (one participant who was yeastpositive on pre-screening had no detectable yeast at the time of denture replacement) (Fig. 1) . Several yeast species were presumptively identified including: C. albicans, Candida tropicalis, and Candida krusei. As the focus of our study was to identify C. albicans strain differences by MLST, which also confirmed that the isolates were indeed C. albicans strains, further identification of other yeast species was not undertaken. C. albicans was detected in the saliva of five participants (range: 20-1,000 cfu/ml) and the dentures of five participants (range: 1-341 cfu) at one or more sampling time. C. krusei was detected in the saliva of three participants (range: 440-3,380 cfu/ml) and the dentures of six participants (range: 1-152 cfu) at one or more sampling time. C. tropicalis was detected in the saliva of three participants (range: 20-330 cfu/ml) and the dentures of five participants (range: 5-93 cfu) at one or more sampling time. Both C. albicans and C. krusei were found in eight samples, C. albicans and C. tropicalis were found together in two Figure 1 . Frequency of yeast detection in denture and saliva samples obtained from 10 study participants before, and 1, 3, and 6 months after denture replacement.
samples, and one sample contained both C. krusei and C. tropicalis.
Compared to the colonization of the dentures before replacement, yeast colonization of the new dentures was considerably reduced at the 1-month sample time (only seen in two participants) but increased to four and six participants at the 3-and 6-month sample times, respectively. The number of C. albicans-positive participants also increased from one at the 1-month sample time to three at the 6-month sample time (Fig. 1) .
MLST analysis
A total of 62 C. albicans isolates (33 from saliva and 29 from dentures) were analyzed by MLST. Six allelic profiles were identified (Table 1) . Three profiles were exact matches for DSTs that had previously been reported in the C. albicans MLST database (PubMLST) at (http://calbicans.mlst.net), namely: DST 299, DST 918, and DST 1207. The other three allelic profiles did not show an exact match using the MLST online database but differed in only one or two alleles from reported DSTs (Table 1) and new DSTs (2942, 2943 and 2944) have been assigned via the PubMLST submission process. Three participants (1, 6, and 8) sampled before denture replacement carried more than one DST (Table 2) , and three of these DSTs (918, 2942, and 2944) were also present in samples taken after denture replacement. Two DSTs (2942 and 1207) represented the most frequently isolated strains and were also present in the most participants (Table 1) . Isolates with the allele profile of DST 2942 were the most prevalent in all samples (denture and saliva) taken before denture replacement (11 of 27 isolates). This DST was also detected in five of the seven C. albicanspositive participants pre-replacement and in all three C. albicans-positive participants after replacement (14 of 35 isolates). DST 1207 was the most frequently isolated strain in samples taken after denture replacement (17 of 35 isolates) from two of the three C. albicans-positive participants. There were five isolates with the allele profile of DST 299, detected in three individuals, but only before denture replacement and only from denture samples. The previously unreported DST 2943 was only found at the 6-month sampling time in the saliva of participant 1 and DST 2944 was only detected in samples from participant 6 ( Table 2) .
Examination of the allele sequences of the three previously unreported DST allele profiles revealed close relationships to known DSTs (Table 3) . DST 2942 differed from DST 918 only by loss of heterozygosity (LOH) at one residue of the AAT1a gene fragment. The allele sequences a LOH × 7: loss of heterozygosity at 7 positions in sequence (see Table 3B ).
Bold numbers indicate changes from DST 918.
B. Comparison of AAT1a sequence changes (LOH from DST 918).
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Bold letters indicate changes from DST 918.
of isolates denoted DST 2943 showed similarities to DSTs 2294 and 2094 but also to DST 918 (Table 3 ). The allele profile of DST 2944 showed similarities to DST 1430 and also to DST 1207 (Table 4 ).
Discussion
C. albicans can be isolated from most cases of denture stomatitis, but many denture wearers without signs of the disease are colonized by C. albicans and other yeast species such as C. glabrata, C. krusei, Candida parapsilosis, and C. tropicalis. 1 Participants in this study did not show signs or symptoms of denture stomatitis and although yeast species were isolated from 9 of the 10 participants, C. albicans was not present in all samples. This is consistent with other studies of denture-wearing individuals without signs of denture stomatitis. 15 There was an initial reduction in the number of participants with detectable yeast colonization following denture replacement (Fig. 1) but by 6 months, yeast were detected in samples from six individuals and C. albicans in three, all of whom had been colonized by C. albicans before denture replacement. Thus, as noted in other studies, 3, 16 denture replacement is ineffective for reducing long-term colonization by oral yeast. We used MLST analysis of the C. albicans strains isolated in this study (Tables 1 and 2 ) to determine whether more than one strain of C. albicans was present in an individual. MLST analysis also allowed examination of whether, following denture replacement, individuals had retained the same strains or acquired different strains. Although only 10 patients were investigated, the MLST analysis yielded interesting information. Before denture replacement, C. albicans was isolated, either from dentures, saliva, or both samples, from seven individuals. In four individuals, only one DST was detected, but in three individuals, two or four DSTs were present in the samples. However, as the number of colonies from participants tested varied between only one and five, other DST may have been missed. In three individuals C. albicans was also detected in samples taken after denture replacement and, as shown in Table 2 , several C. albicans DSTs present before replacement were maintained in the oral cavity in samples taken following delivery of a new denture. This may indicate re-acquisition of the DST from a reservoir of the C. albicans DST within biofilms a LOH × 5: loss of heterozygosity at 5 positions in sequence (see Table 4B ).
Bold numbers indicate changes in allele type.
B. Comparison of ZWF1b sequence changes (LOH from DST 1430).
Bold letters indicate changes from DST 1430.
in the mouth, 17 nasal cavity, 18 gastrointestinal tract, 19 or perhaps from an external source such as a poorly cleaned denture storage container. It is unlikely that strains colonizing new dentures were a result of exogenous contamination from the dental laboratory as the new dentures were disinfected before they were inserted in the patients. One DST (299) was only found on dentures and could be isolated from the dentures of three individuals (Table 2) . This might indicate a strain that was adapted to adhere to acrylic surfaces, but this observation requires confirmation in a study involving more participants and investigation of the strain's adherence properties. The most common allele profile, detected in five participants was a previously unidentified DST (2942), which was isolated from the saliva samples of four of seven individuals obtained before denture replacement, and from denture samples of three of them. The high prevalence of this DST may reflect a close epidemiological connection between participants, as they attended the same denture clinic. Interestingly, DST 2492 was very closely related (differing by LOH at just one residue of the AAT1a gene fragment; Table 3 ) to DST 918, which was also present in one participant (Participant 1). Another strain, DST 2943, which has an allele profile with closest matches to DSTs 2294 and 2094 (Table 1) appears to also be closely related to DST 918. The interrelationships between the AAT1a allele sequences for DSTs 918, and 2942, 2294, 2094, and 2943 are summarized in Table 3 . The DST 918 AAT1a MLST fragment sequence contains seven heterozygosities (at positions 7, 28, 40, 180, 352, 361, and 373; Table 3B ). DST 2942 differs from 918 at only one of these heterozygous nucleotide positions (position 7) suggesting a close relationship to DST 918. The only change is LOH of R to G; the residues at the other six heterozygous nucleotide positions were unchanged. In DST 2294, there is additional LOH at these six positions, whereas in DST 2943 there is LOH at all seven positions, but in each case the change is opposite to those seen in DST 2294, for example, R to A rather than to G (Table 3B) . However, DST 2094 appears to be a strain intermediate between DST 918 and DST 2943 as the MP1b allele of this strain showed a single LOH relative to the DST 918 MP1b allele, which is also observed in DST 2943 (Table 3A) . The other unreported allele profile, DST 2944, also appears to result from LOH at five positions in the ZWF1b allele of DST 1430 (Table 4B) . Intriguingly, DST 1207, also present in 21 isolates from four participants, was related to DST1430 by LOH of the opposite nucleotides at the same five positions in the ZWF1b allele, albeit with an additional heterozygosity in the ADP1 allele (Table 4B) . Construction of a dendogram using the software package MEGA6 (Supplementary Fig. 1 ) revealed two closely related clusters (DSTs 918, 2942, 2943 and DSTs 1207 and 2944) separated by a P-distance of 0.0006 which is less than the threshold of between 0.040 and 0.035 suggested for clade differentiation. 20 These results suggest the possibility of several instances of microevolutionary changes involving LOH within the MLST gene fragments in the strains isolated in this study. This is in accord with previous studies of isolate clusters which comprised cells with nearly identical genomes. 8, 21, 22 LOH is known to be an important mechanism contributing to diversity in C. albicans, 14, 23 as in this yeast meiosis has never been observed and diversity is generated via apparently rare mating events and a parasexual cycle. 14 This study has shown that there are common C. albicans DSTs shared by several individuals. New dentures were colonized by DSTs that colonized previous dentures, possibly through retention of the DST at other oral sites. Dentures were also colonized by 'new' DSTs not detected on previous dentures. Most DSTs could be found in both saliva and on dentures, but some may be denturespecific. If particular DSTs are more often associated with dentures, it would be interesting to see if they are also associated with denture stomatitis and thus represent a particular target for the management of Candida-associated denture stomatitis.
